Flame characteristics when a non-premixed n-butane jet is ejected into a coaxial cylindrical tube are investigated experimentally. Flame stability depends mainly on the characteristics of flame propagation as well as air entrainment which depend on the jet momentum and on the distance between the nozzle exit and the base of a confined tube. As flow rate increases, the flame lifts off from a nozzle attached diffusion flame and a stationary lifted flame can be stabilized. The liftoff height increases nearly linearly with the average velocity at the nozzle exit. The lifted flame has a tribrachial flame structure, which consists of a rich premixed flame, a lean premixed flame, and a diffusion flame, all extending from a single location. As flow rate further increases, periodically oscillating flames are observed inside the confined tube. Once flame oscillation occurs, the flame undergoes relatively stable oscillation such that it has nearly constant oscillation amplitude and frequency. The criteria of flame oscillation are mapped as functions of nozzle diameter, the distance between nozzle and tube, and jet velocity. This type of flame oscillation can be characterized by Strouhal number in terms of flame oscillation amplitude, frequency, and jet velocity. Buoyancy driven flame oscillation which is one of the viable mechanism for flame oscillation is modeled and the results agrees qualitatively with experimental results, suggesting that the oscillation is due to periodic blowoff and flashback under the influence of buoyancy.
INTRODUCTION
Lifted flame characteristics in a nonpremixed jet is an important issue related to the flame stabilization in a combustor. Recently, the role of tribrachial flames in jets or in concentration stratified flow-fields are extensively investigated because of their unique structure and of their importance in understanding turbulent lifted flames [1] .
Investigations of laminar lifted flames in free jets [2] [3] [4] showed that a tribrachial flame, which has a lean premixed flame, a rich premixed flame and a diffusion flame all extending from a single location, plays a crucial role for lifted flame stabilization. Importance of a stoichiometric premixed flame and the preferential diffusion between momentum and mass transports, characterized by a Schmidt number are exhibited for flame stabilization in jets. The propagation speed of tribrachial flames is demonstrated to be increased compared to a stoichiometric laminar burning velocity [5, 6] by the flow redirection effect due to flame curvature. Ko and Chung [6] reported the unsteady propagation of tribrachial flames in methane jets and found that the propagation speed of tribrachial flames correlates well with flame curvature, fuel concentration gradient, and flame stretch.
The present study is an extension of a series of lifted flame investigations to a nonpremixed laminar confined jet. This system is related to a single-port cylindrical burner [7] which is frequently encountered in practical burners, especially for domestic gas appliances. In this regard, the focus is for a lifted flame in a confined jet and the behavior of the flame after a blowout condition is encountered.
When fuel jets are ejected vertically upward, under certain conditions during a flame blowout process, it can be expected that the flame could have a flashback [7] due to the variation in flow velocity and fuel concentration as a flame travels downstream, since such a process could affect buoyancy effect on the entrainment of air into a confined tube. Then, a flame oscillation, which is due to a repetition of blowout and flashback, can occur. During this blowout and flashback, the flame will be propagating through a concentration stratified flow field, which has been a focus of lifted flame studies. The present study reports a stationary lifted flame behavior and a condition of flame oscillation in a laminar confined jet.
EXPERIMENT
The apparatus consists of a fuel nozzle and a cylindrical tube assembly, a flow control system, and a visualization setup, as schematically shown in Fig. 1 . The fuel nozzle is made of quartz from a 4 mm o.d. and 2.4 mm i.d. tube. One end of the tube is contracted for the velocity profile at the nozzle exit to be nearly uniform. The nozzle exit inner diameters of d = 0.30 mm, 0.32 mm, and 0.35 mm are tested. The cylindrical tube, made of Pyrex with 11.2 mm i.d. and 178 mm in length, is located at the downstream of the fuel nozzle for the confinement of air entrainment. The distance between the nozzle exit and the bottom end of the cylindrical tube, Z c , is controlled by a nozzle positioner. To minimize disturbances, a square duct with 30 cm × 30 cm × 70 cm in length encloses the nozzle and tube assembly. A CCD camera (Pulnix, TM-620), a video recorder, and a 35 mm camera are used for flame visualization.
The fuel used is 99% n-butane. A micro-needle valve, a rotameter, and a bubble flow meter with 10 ml capacity are used for fuel flowrate control. Figure 2 shows a diagram of flame configuration for d = 0.35 mm and Z c = 11 mm, in the parameter space of liftoff height, H L , measured from the nozzle tip and nozzle exit velocity, U o . The flame is initially attached to the nozzle at low flow velocities. After the flame liftoff at U o = 10.8 m/s, a stationary lifted flame is stabilized inside the tube. The base of this stationary lifted flame has a tribrachial structure; a rich premixed flame, a lean premixed flame, and a diffusion flame all extending from a same location. This type of tribrachial lifted flames has been observed previously in free jets [2] [3] [4] .
RESULTS AND DISCUSSION

Flame behavior in tube
After the flame liftoff, the liftoff height and the flame width of the tribrachial flame base increase with jet velocity. Due to the confinement by the cylindrical tube, the flame width is limited to the tube diameter. When the flame width is comparable to the tube diameter, the flame becomes a cylindrical shape with tip opening near the upper part of the flame. However, the flame base maintains outwardly curled flame surface with its end pointing toward downstream.
As the jet velocity is increased to U o > 13.4 m/s, the flame begins to oscillate inside the tube. The minimum and maximum distances from the nozzle during the oscillation are marked in Fig. 2 . The minimum distance is in the range of 20-60 mm which is much The behavior of liftoff height of the stationary lifted flames when they are located inside the tube is shown in Fig. 3 for d = 0.30 mm, 0.32 mm, and 0.35 mm with -3.5 mm < Z c < 7 mm, -23 mm < Z c < 7 mm, -24 mm < Z c < 25 mm, respectively. Since an oscillating flame can not be observed beyond these ranges of Z c , we does not collect any data related to flame characteristics. The liftoff height increases with nozzle exit velocity, while it is nearly independent of nozzle diameter and Z c thus, the dependence on Z c is not differentiated in the plot. The best fit of liftoff height with U o shows the functional dependence of H L ∝ U o 1.12 , which is nearly linear. These characteristics of liftoff height can be compared to highly nonlinear behavior of liftoff height with flow velocity in free jets [2, 4] . It has been shown that H L /d 2 ∝ U o 3.64 for the lifted flames of n-butane in free jets and a model prediction confirms the velocity dependence [2] . Thus, the liftoff characteristics in confined jets are quite different from that of free jets. This can be attributed to the restriction of air entrainment by the existence of the tube, Starting from a minimum distance from the nozzle, the elongated flame (a) has yellow luminosity at the downstream part of the flame. The flame becomes a ring shaped cylindrical flame with very short flame length having blue color (b). As the flame reaches its maximum distance from the nozzle (c), the flame is located at or near the tube exit and the flame base shows a tribrachial structure. Then, the flame propagates upstream through the confined tube having a tribrachial structure. As the flame base approaches the nozzle, the flame becomes elongated (d). During this elongation period, the flame base maintains a tribrachial nature and the upper part changes to yellow Liftoff heights of stationary lifted flames in confined coaxial jets.
flame. Then, flame repeats its cycle. The long exposure photograph with 1 s of the flame is shown in Fig. 5e . The observation of tribrachial flame when the flame base approaches the nozzle agrees with the prediction of advancing front of edge flames, while retreating front when the flame travels downward does not exhibit tribrachial nature [8] .
In free jets of either propane or n-butane fuel, the preferential diffusion of momentum and mass makes iso-velocity and iso-concentration contours asimilar. The stabilization of a tribrachial flame is found to be under the condition simultaneously satisfying stoichiometric concentration and corresponding flame speed of tribrachial flame [1] [2] [3] . When a nozzle exit velocity exceeds a certain critical value, such conditions can not be satisfied simultaneously. As a result, blowout occurs. Similar behavior is expected in a confined jet since the stationary lifted flame has the tribrachial structure.
The velocity range of the flame oscillation for 13.4 < U o < 14.8 m/s, d = 0.35 mm, and Z c = 11 mm in Fig. 2 for the confined jet is expected to be in the blowout range. And the mechanism of flame oscillation can be attributed to the following. When the flame migrates towards downstream, the flow coming into the tube will be readjusted since buoyancy effects are diminishing and due to the limited entrainment by the existence of the external tube. When the flame is moved out of the tube, the flame will be stabilized by the secondary jet effect ejecting from the tube. Then, the effect of buoyancy that enhances the entrainment from the lower entrance of the tube will be further reduced due to the secondary entrainment near the exit of the tube. As a result, the flow velocity inside the tube decreases. Then a condition of propagating flame base exceeding flow velocity can be satisfied. As a result, the flame propagates upstream. Cooling of the tube by the flame travel to downstream also has an aiding effect on flame travel upstream since it will decrease the entrainment from the lower end of the tube. In some cases, even though the range is quite limited, a flame can oscillate inside the tube without coming out of the tube. It is to be noted that the minimum distance from the nozzle for the oscillating flame is even smaller than the liftoff height of a stationary lifted flame for U o < U cri . Here, U cri indicates the condition of the onset of oscillation. When the flame is travelling to upstream, flame length increases as shown in Fig. 4 . This causes a rapid increase in flame area, thereby the burning rate. This rapidly increased burned product can not be effectively released through the upper end of the tube, thereby pushing the flame toward the upstream over the limiting height. Here, the limiting height can be considered as the extension of the liftoff height of stable lifted flame.
The flame moves back again toward the downstream. In this period, the flame is propagating toward the burned product of the elongated diffusion envelope. As a result, the flame length is much reduced as shown in Figs. 4 and 5b.
Two points are to be noted. Near the initial onset of the oscillation, though flame oscillation proceeds several times, it damps out finally and the flame becomes a stationary lifted flame inside the tube due to the readjustment of tube wall temperature which affects buoyancy. For a jet velocity near blowout, the maximum liftoff distance from the nozzle increase progressively as oscillation proceeds. Finally, either the flame blowout or extinction occurs during oscillation. Figure 6 shows the domain of flame oscillation in U o -Z c plane for several nozzle diameters. As nozzle diameter increases, the domain of the existence of oscillating flame extends in both U o and Z c . However, the nozzle exit diameter of 0.4 mm does not exhibit such oscillating behavior. Figure 7 shows the variation of the distances between the nozzle and flame base for one cycle of flame oscillation for d = 0.35 mm and Z c = 11 mm. The maximum height increases then decreases with flow velocity, and the period keeps on increasing with flow velocity. As liftoff height increases, flame base moves out of the tube. Then, upstream propagation of flame base drives it toward the tube exit. The flame stays there for a short duration and then, the base propagates inside the tube. The flame displacement speed, which is defined as the time rate of change of edge positions, during the upstream propagation through the tube, V f , is especially interesting. This velocity is in the range of 40-140 cm/s as shown in Fig. 8 . Accounting the axial flow velocity induced by the jet, these propagation velocities are much higher than the maximum laminar burning velocity, S L o  max , of n-butane mixture, which is about 45 cm/s [9] . In this period, the flame propagates upstream having a tribrachial structure. As it move further toward the upstream over a certain liftoff height, the downstream part of the flame has a diffusion flame structure with yellow luminosity as is shown in Figs where ρ is the density and the subscripts u and b indicate unburned and burnt, respectively. This prediction for n-butane is 121 cm/s for maximum adiabatic flame temperature of 2270 K. For the present oscillating flames, the displacement speed is even higher than the maximum propagation speed. The reason can also be attributed to the flow redirection effect caused by the flame curvature of the tribrachial flame. Further more, since the unsteady flame stretch effect on tribrachial flame promotes faster flame propagation [6] , larger upstream traversing velocity can be expected compared to stationary lifted flame. Another possibility includes effect of buoyancy, which will be discussed later.
Characteristics of oscillating flame
The mean speed of flame base V f during upstream propagation inside the tube as a function of U o is shown in Fig. 8 Figures 9 and 10 show the range of flame oscillation indicated by the minimum and maximum distances from the nozzle and the frequency of oscillation f, respectively. The jet velocity corresponding to the onset of oscillation increases as the absolute value of Z c increases. The minimum distance increases with U o and the trend becomes insensitive to Z c as long as the absolute value of Z c is large. The maximum distance is relatively insensitive to U o for large negative Z c . The range of flame travel L, that is the distance between the minimum and maximum distances, is about twice for large positive Z c compared to large negative Z c . One point to note is that the maximum distance shows maxima as U o increases, especially for negative Z c . The frequency also displays corresponding behavior, that is, the minima for negative Z c . Unlike the minimum and maximum height behavior, the frequency becomes insensitive as Z c becomes positive and large values.
Based on the above observations, the flame oscillation behavior is analyzed in terms of the Strouhal number, St, as a function of jet velocity, where St is defined as fL/U o , which is basically the ratio of mean flame displacement speed, 2fL, to jet velocity, U o . The results are shown in Fig. 11 for various U o , d , and Z c . It shows that Strouhal number decreases with jet velocity, while it is insensitive to d and Z c . Considering that there are two basically different traveling speeds during upstream propagation, depending on outside or inside the tube, and different residence times near the tube outlet, the Strouhal number correlation is excellent. This behavior can be partially attributed to the 98. This behavior suggests the importance of hydrodynamic effect, however, the detailed physical mechanism is as yet unclear and to be a future study.
1-D Buoyancy model for oscillating flame
Flame oscillation characteristics in a cylindrical tube can be attributed to the variation in flow fields when a flame base retreating and advancing during one cycle of oscillation. This flow field variation can be induced by buoyancy. As the jet velocity increases, a stable lifted flame can be destabilized when the balance between the propagation speed of a tribrachial flame base and flow velocity along a stoichiometric contour can not be satisfied, similar to the case demonstrated in free jets [3] . Subsequently, the flame will blow out. As the flame base travels up along the tube, the portion of burned gas inside the tube will be reduced. As a result, buoyancy force will be mitigated leading to a decrease in air entrainment. Consequently, flow velocity inside . .
. the tube will be decreased. Then, the flame base can travel back toward upstream. The increase in buoyancy effect will drive the flame travel downstream again. As a result, flame oscillation proceeds.
A one-dimensional model, similar to the one adopted for the analysis of the oscillation of spray diffusion flame [10] , is investigated to simply demonstrate the possibility of buoyancy driven oscillating mechanism. It is assumed that fluid in a tube consists of unburned and burnt regions, and the system is adiabatic (see Fig. 12 ). By taking a control volume around the cylindrical tube, the conservation of mass and momentum equations can be written as follows: (1) (2) where, z is the flame position in axial coordinate, v is the velocity, ρ is the density, L is the tube length, A o is the nozzle exit area, A T is the tube area, and subscript u, b and f
International journal of spray and combustion dynamics · Volume . 2 · Number . 4 indicate the unburned, burnt, and fuel, respectively. Here, v u includes jet velocity and entrained air velocity assuming that fuel jet affects to the control volume as an external force of ρ f A o U 2 o only. Since the flame during oscillation has either ring shape or diffusion flame structure, there exists a low temperature region even in the downstream from a flame base. To account this flame shape effect, the flame shape factor, n, is introduced, which indicates the fraction of volume downstream from a flame base on which buoyant force is operative. When n = 1, the entire region downstream from flame base will be affected by buoyancy. In the present model, less than unity value of n is assumed.
In Eq. (2), LHS indicates the temporal variation of momentum in the control volume and RHS indicates the net momentum flux across the control volume, buoyant force acting on the control volume, and the external force due to fuel jet momentum, respectively. With , Eq. (1) can be rewritten as (3) where z' is the flame displacement speed, which can be expressed in terms of unburned gas velocity and flame propagation velocity, S p , as
Assuming ρ f = ρ u , Eq. (2) can be rewritten by using Eqs. (3) and (4) as (5) By rearranging it, the following nonlinear equation can be derived.
This equation can be solved using a stiff ODE solver. Figure 13 shows a flame base position with time by taking n = 0.9, T u = 300K and T b = 1300K, accounting the effect of flame shape. As shown in the figure, the flame oscillation damps out and the flame can be stabilized.
As shown in Fig. 5d , the flame shape during advancing period has an elongated diffusion flame structure. Due to this rapid increase in flame front area, the burned temperature T b can be higher during the advancing period compared to that of the retreating period. To account this effect, n = 0.9, T b = 1300K was chosen during the retreating period and T b is changed to 2500K during advancing period. Since the reasonable range of z is 0 − 0.18 m, when flame base reaches at tube inlet (z = 0 ), the temperature again varied. 
